those who are candidates for an endarterectomy. It is meant to (1) confirm the diagnosis of chronic thromboembolic disease and define the extent of surgically accessible chronic thromboembolic residua; (2) to establish the degree of pulmonary hypertension and cardiac compromise; (3) to delineate the comorbidities that might limit the benefits expected with an endarterectomy; and (4) to estimate the extent of coexisting, small-vessel pulmonary vascular disease, which might similarly impact the anticipated hemodynamic benefit with surgery.
ClINICAl PRESENtAtIoN
Especially early in the course of the disease, the clinical presentation of CTEPH can be subtle. This subtlety contributes to the delay in diagnosis, making it necessary to maintain a high index of suspicion in those patients presenting with exertional dyspnea without apparent cause or without a prior history of venous thromboembolism. Atypical chest pain, episodic hemoptysis, a nonproductive cough, and palpitations are rarely presenting complaints. Evidence of right heart dysfunction such as peripheral edema, severe exercise limitation and associated chest discomfort, exertional dizziness, or syncopal episodes can be manifest late in the disease.
Physical examination findings can be equally deceptive early in the natural history of CTEPH. However, with advancing pulmonary hypertension, clinical presentation and examination findings are similar to that seen in other forms of pulmonary hypertension: discernible right ventricular impulse, a split second heart sound with accentuation of the pulmonic component, varying degrees of tricuspid regurgitation, and a right ventricular S 4 gallop. As right ventricular failure develops, jugular venous distension, peripheral edema, hepatomegaly, ascites, and a rightsided S 3 may become evident. The presence of pulmonary flow murmurs or bruits is often a physical examination finding that can be used to distinguish small vessel from large vessel variants of pulmonary hypertension. [10] An auscultatory finding in approximately 30% of patients with CTEPH, the bruit results from turbulent flow across partially obstructed, medium-to large-sized pulmonary vessels. They have not been described in pulmonary hypertensive disorders arising from the microvasculature. However, they are not unique to patients with chronic thromboembolic disease, having been described in other disease states which involve large pulmonary arteries, such as congenital branch stenosis or large vessel pulmonary arteritis. Additional examination findings in the CTEPH patient might include peripheral cyanosis, alerting the clinician to the possibility of a right-to-left shunt through a patent foramen ovale. Examination of the lower extremities may disclose superficial varicosities and venous stasis skin discoloration in those individuals who have experienced prior venous thrombosis.
dIAgNoStIC EVAluAtIoN
Defining a procoagulant state in patients evaluated for CTEPH has important implications as certain thrombophilias such as the presence of antiphospholipid antibodies might warrant a more intense level of chronic anticoagulation to prevent thrombosis. Moreover, these patients are at greater risk for thrombosis postendarterectomy. Antithrombin III, Protein C, and Protein S deficiencies, as well as Factor II (prothrombin) and Factor V Leiden mutations, are among the hereditary thrombophilic states which should be pursued in the evaluation of the CTEPH patient. However, in a large study investigating this issue, Wolf and colleagues showed that hereditary thrombophilia was not more prevalent in samples analyzed in 46 CTEPH patients or 64 patients with idiopathic pulmonary hypertension compared to control subjects (N=100). The same study, however, demonstrated that 20% of patients diagnosed with CTEPH exhibited antiphospholipid antibodies. [11] Subsequent studies have revealed similar results, with the presence of antiphospholipid antibodies frequently associated with chronic thromboembolic disease. [12, 13] Bonderman and colleagues also showed increased levels of Factor VIII in 41% of 122 patients with CTEPH, levels that were substantially higher than those in control subjects and patients with nonthrombotic pulmonary hypertension. [14] In the evaluation of the patient suspected of having CTEPH, "routine" laboratory testing may be helpful in defining the severity of disease. For those with severe right ventricular dysfunction and coexisting liver congestion, elevation of transaminase and bilirubin levels can be expected. In the same subgroup of patients where renal blood flow and glomerular perfusion may be compromised, either from a low cardiac output or the use of diuretics (or both), elevation of serum creatinine and blood urea nitrogen may result.
Pulmonary function testing is most useful in evaluating for coexisting parenchymal lung disease or airflow obstruction. Approximately 20% of CTEPH patients with parenchymal scarring from prior lung infarction, a mild to moderate restrictive defect may be detected. [15] Similarly, a modest reduction in single breath diffusing capacity for carbon monoxide (DLco) may be present in some CTEPH patients, though a normal value does not exclude the diagnosis. [16] A severe reduction in DLco should raise concerns that the distal pulmonary vascular bed is significantly compromised, making it imperative that an alternative diagnosis other than CTEPH be considered. Furthermore, CTEPH patients will frequently exhibit some degree of hypoxemia, and if measured, elevated dead-space ventilation, [17] both worsening with exercise. These findings reflect a moderate ventilation-perfusion mismatch in CTEPH and an inadequate cardiac output response to exercise resulting in a low mixed venous oxygen saturation. [18] Marked hypoxemia at rest implies severe right heart dysfunction or the presence of a considerable right-to-left shunt, such as through a patent foramen ovale.
The chest radiograph in patients with chronic thromboembolic disease may be deceptively unremarkable early on. With disease progression and the development of pulmonary hypertension, enlargement of the proximal pulmonary vascular bed typically occurs. With chronic thromboembolic involvement of the main or lobar pulmonary arteries, this central PA enlargement can be asymmetric. This is not a radiographic finding in those patients with small-vessel disease pulmonary hypertension. [19] As the right ventricle adapts to the rise in pulmonary vascular resistance, radiographic signs of chamber enlargement such as obliteration of the retrosternal space and prominence of the right heart border, can be observed. [20] Without coexisting parenchymal lung disease, interstitial-alveolar markings within the lung fields are atypical. However, relatively avascular lung regions can be appreciated if an organized thrombus has compromised blood flow to that area. In these poorly perfused lung regions, the sequela of lung injury such as peripheral alveolar opacities, linear scar-like lesions, and pleural thickening may be found.
Following an episode of pulmonary embolism, routine cardiopulmonary screening has a low yield in the detection of CTEPH. [21] Frequently, the first objective indication as to the presence of elevated pulmonary pressures or right ventricular compromise is provided with transthoracic echocardiography. Current technology allows for estimates of pulmonary artery systolic pressure (using Doppler analysis of the degree of tricuspid regurgitation), along with cardiac output and RV performance. [22] Enlargement of the right heart chambers, tricuspid regurgitation as a result of this chamber enlargement, flattening or paradoxical motion of the interventricular septum, encroachment of an enlarged right ventricle on the left ventricular cavity, and impaired left ventricular diastolic dysfunction not the result of primary left ventricular or valvular heart disease are findings in patients with significant pulmonary hypertension. [23, 24] Contrast echocardiography using intravenous agitated saline can detect the presence of an intracardiac shunt, such as a patent foramen ovale or a previously undetected septal defect. If detected preoperatively, the atrial septal defect can be surgically repaired at the time of an endarterectomy. Though not specifically studied in patients with CTEPH, should an echocardiogram obtained at rest demonstrate minimally elevated pulmonary artery pressures or only modest right ventricular compromise in a patient experiencing significant cardiopulmonary symptoms with exertion, exercise echocardiography may demonstrate a substantial rise in pulmonary artery pressures or dilatation of the right ventricle.
VENtIlAtIoN-PERfuSIoN SCAN
To a large extent, computed tomographic (CT) angiography of the pulmonary vessels has replaced ventilation-perfusion (V/Q) scintigraphy in the evaluation of patients with suspected acute pulmonary embolic disease. However, the V/Q scan continues to provide essential information in the evaluation of the pulmonary hypertensive patient. In these patients, the V/Q scan can often be the first indication that chronic thromboembolic disease should be considered, and serve as a valuable screening test for this disease. In a single-center, retrospective survey comparing V/Q scanning with CT angiography in 227 pulmonary hypertensive patients, there was a sensitivity of 97.4 % for V/Q scanning compared to 51% for CT angiography in the detection of chronic thromboembolic disease. [25] In a more recent study of 12 CTEPH patients, Soler and colleagues demonstrated that SPECT perfusion scintigraphy was more sensitive in detecting obstructed vascular segments when compared to CT pulmonary angiography, with a sensitivity of 62+4.1% versus 47.8+2.9%, respectively. [26] Furthermore, the interpretation of an abnormal perfusion pattern can assist in the differentiation between disorders involving the central or proximal vascular bed from those primarily affecting the peripheral pulmonary circulation. In chronic thromboembolic disease, at least one, but more commonly several, segmental or larger mismatched perfusion defects are present (Fig. 1) . For those patients with small-vessel pulmonary vascular disease, perfusion scans either are normal or exhibit a "mottled" appearance characterized by nonsegmental defects. [27, 28] Exceptions include cases of pulmonary veno-occlusive disease or pulmonary capillary hemangiomatosis in which multiple, larger mismatched defects have been reported. [29, 30] Equally important has been the observation that a relatively normal perfusion pattern on V/Q scan excludes the diagnosis of surgically accessible chronic thromboembolic disease.
It has also been established that the magnitude of perfusion defects exhibited by CTEPH patients with operable disease may understate the degree of pulmonary vascular obstruction determined by angiography. [31] The plausible explanation for this finding is that during the process of thrombus organization, proximal vessel thromboemboli may recannalize, or narrow the vessel in such a manner that radiolabeled macroaggregated albumin may traverse the area of partial obstruction, creating gray zones or regions of relative hypoperfusion. Therefore, chronic thromboembolic disease should be considered and further evaluation for operable disease should proceed even if the V/Q scan demonstrates a limited number of mismatched perfusion defects, especially when accompanied by hypoperfused lung regions in a patient with pulmonary hypertension.
ASSESSMENt of PulMoNARy HEModyNAMICS
Right heart catheterization in the evaluation of patients with suspected CTEPH objectively defines the severity of pulmonary hypertension and the degree of cardiac dysfunction at rest. This hemodynamic assessment is important in discussions with patients regarding perioperative risks should they prove to be surgical candidates. Available data would suggest that patients with severe pulmonary hypertension (pulmonary vascular resistance >1,000 dyn/s/cm -5 ) bear a greater perioperative mortality risk.
Hartz et al. reported that a preoperative PVR over 1,100 dyn/s/cm -5 was associated with 41% mortality, compared to less than 6% if PVR was less than 1,100 dyn/s/cm -5 . [32] Dartevelle et al. reported an increased postoperative mortality of 20% for patients with preoperative PVR over 1,200 dyn/s/ cm -5 compared to 4% mortality if the preoperative PVR was less than 900 dyn/s/cm -5 . [33] Similarly, examining outcomes in 743 patients between 1999 and 2004, Thistlethwaite and colleagues reported a perioperative mortality rate of 10.8% in those patients with a preoperative PA systolic pressure of 100 mmHg (PVR 1299.0 + 532.6 dyn/s/cm -5 ), compared to 4.2% if the preoperative PA systolic pressure was less than 100 mmHg (PVR 546.4 + 365.1 dyn/s/cm -5 ). [34] Additionally, for symptomatic CTEPH patients with modest pulmonary hypertension at rest, exercise hemodynamic measurements may be obtained. In these cases, it is likely that the normal compensatory mechanisms of recruitment and dilation of the pulmonary vasculature have been overcome, and with exercise, a linear elevation in pulmonary artery pressure as cardiac output increases can be observed. This hemodynamic information provides objective evidence to explain an individual's symptoms, and likely reflects a clinically relevant stage in the development of severe CTEPH in which there is coexisting, small-vessel hypertensive changes.
Furthermore, right heart catheterization has the potential to provide objective data in analyzing the degree of this smallvessel disease, information which may help predict outcomes following endarterectomy. "Partitioning" the different elements (proximal vs. distal) of pulmonary vascular resistance in CTEPH has been investigated. In a small series of 26 CTEPH patients, Kim and colleagues, utilizing pulmonary artery occlusion waveform analysis, demonstrated excellent inverse correlation between the percent upstream resistance and postoperative mean pulmonary artery pressure and pulmonary vascular resistance. In addition, all four deaths in this series occurred in patients in whom the upstream resistance was less than 60%. [35] If future investigations validate these preliminary observations, this information may identify a subgroup of CTEPH patients who might be excluded from surgical consideration.
CoNVENtIoNAl PulMoNARy ANgIogRAPHy
Prior to the availability of CT angiography and magnetic resonance imaging of the chest, conventional pulmonary angiography was the principal means of confirming the diagnosis of chronic thromboembolic disease and assessing the proximal extent of disease in evaluating patients for pulmonary endarterectomy surgery. In most respects, it remains the "gold standard" for achieving these diagnostic goals and in providing a "map" for surgery against which other modalities are to be measured. Conventional pulmonary angiography can be safely performed, when taking proper precautions, even in severe pulmonary hypertensive patients. [36] In terms of technique, multiple, selective injections are not required. A single injection of nonionic contrast into both proximal pulmonary arteries, the volume and injection rate adjusted based on cardiac output, appears to be sufficient. As little as 15-20 ml of contrast may be required for each pulmonary artery injection. Ideally, biplane acquisition provides optimal anatomic detail, the lateral projection providing more definition of lobar and segmental anatomy than can be achieved with an anterior-posterior view alone. Under essentially all circumstances, a properly performed biplane angiogram will provide sufficient information on which to base a decision regarding chronic thrombus location, and as a result, surgical accessibility.
The angiographic appearance of chronic thromboembolic disease bears little resemblance to that of the well-defined, intraluminal filling defects of acute pulmonary embolism. Instead, the angiographic patterns encountered in chronic thromboembolic disease reflect the complex patterns of organization and recanalization that occur following an acute thromboembolic event. Several angiographic patterns have been described in chronic thromboembolic disease which correlate with the material removed at the time of surgery. [37] These include "pouch defects," pulmonary artery webs or bands, intimal irregularities, abrupt, frequently angular narrowing of the major pulmonary arteries, and complete obstruction of main, lobar, or segmental vessels at their point of origin (Fig. 2) . In the majority of CTEPH patients, two or more of these angiographic findings are present, typically involving both lungs.
Ct ANgIogRAPHy of tHE CHESt
With the advances in CT angiography of the chest, and greater availability and use of this technology in assessing the pulmonary vascular bed, CT is playing an increased role in the evaluation of the pulmonary hypertensive patient for chronic thromboembolic disease. There are a number of CT findings which have been described in patients with chronic thromboembolic disease. These include (1) mosaic perfusion of the lung parenchyma; (2) enlargement of the central pulmonary arteries and right heart chambers; (3) variability in the size of lobar and segmental-level vessels with a reduction in vessel caliber of those involved with chronic thrombi; and (4) peripheral, scar-like lesions in poorly perfused lung regions. With contrast enhancement of the pulmonary vasculature during CT imaging, organized thrombus can be seen to line the pulmonary vessels, often in an eccentric manner (Fig. 3) . Associated narrowing of pulmonary arteries, web strictures, "pouch defects," and other irregularities of the intima may also be appreciated [38, 39] (Fig. 4) ; these CT findings are distinct from the intraluminal filling defects of acute thromboemboli and primary pulmonary vascular tumors. [40] And with appropriate timing of the intravenous contrast bolus for CTA, opacification of the pulmonary and systemic circulations is possible. In addition to the pulmonary vascular bed, this allows examination of a number of cardiac features including cardiac chamber size, position, and shape of the interventricular septum, the presence of congenital cardiac abnormalities, anomalous pulmonary venous drainage, and the size and distribution of collateral vessels arising from the systemic arterial circulation (bronchial arteries off the aorta, coronary vessels). [41] What remains unvalidated is the utility of CT angiography in determining operability in certain subgroups of CTEPH patients. This is particularly important as operative techniques allow for resection of chronic thromboembolic material at the segmental vessel level (Fig. 5) . Additionally, clinical experience has demonstrated that the absence of lining thrombus or thickened intima of the central vessels on CT does not exclude the diagnosis of chronic thromboembolic disease or the possibility of surgical intervention. Studies directly comparing CT with pulmonary angiography are limited. In one such study, CT and digital angiography were nearly equivalent in terms of identifying complete vessel occlusion at the segmental level. However, for nonocclusive changes, CT was significantly inferior to angiography. [42] Accuracy of CT scanning has improved with technological advances and the introduction of 64-detector row scanners. In a preliminary study involving 27 patients with suspected CTEPH, sensitivity of 64-dectector row CT was 98.3% at the main and lobar level and 94% at the segmental level when compared to digital subtraction angiography. [43] There is considerable value for CT in detecting disorders of the pulmonary parenchyma and mediastinum. For CTEPH patients with coexisting interstitial lung disease or emphysema, CT will be able to define the extent and location of the parenchymal lung process. Reperfusion of diseased lung parenchyma following an endarterectomy may result in an undesirable postoperative outcome, and thereby exclude a patient from surgical consideration. And for those patients whose V/Q scan demonstrates the absence or near complete absence of perfusion to an entire lung, CT is an essential study to rule out extrinsic pulmonary vascular compression from mediastinal adenopathy, fibrosis, [44] or neoplasm. [45] MAgNEtIC RESoNANCE of tHE CHESt
Experience using magnetic resonance (MR) imaging and magnetic resonance angiography (MRA) to visualize the pulmonary vascular system in patients with chronic thromboembolic pulmonary hypertension is expanding. [46] For centers where conventional pulmonary angiography is either unavailable or felt to be too risky to perform, the evolving information on MR imaging as an alternative means to determine surgical candidacy for CTEPH patients is encouraging. At Papworth Hospital, UK, MRA has replaced conventional angiography in establishing the pulmonary vascular "map" for patients evaluated for endarterectomy surgery. [47] Kreitner and colleagues have shown that contrast-enhanced MRA is able to demonstrate the vascular changes typical for CTE disease. In a study of 34 CTEPH patients, wall-adherent thromboembolic material involving the central pulmonary arteries down to the segmental level could be demonstrated; intraluminal webs and bands, as well as abnormal vessel tapering and "cutoffs" were also detected. Furthermore, they showed that MRA was superior to digital subtraction angiography in determining the proximal location of resectable chronic thromboembolic material. [48] An additional study comparing magnetic resonance techniques with conventional contrast angiography involved 29 patients with either CTEPH or idiopathic pulmonary arterial hypertension (IPAH). Nikolaou and colleagues showed that the combined interpretation of MR perfusion imaging and MR angiography led to a correct diagnosis of IPAH or CTEPH in 26 (90%) of 29 patients when compared to the reference diagnosis based on V/Q scintigraphy, digital subtraction angiography, or CT angiography. The interpretation of MR angiography alone had a sensitivity of 71% for wall adherent thrombi, 50% for webs and bands, and between 83% and 86% for detection of complete vessel obstruction and free-floating thrombi when compared to DSA or CT angiography. [49] More recently, in a retrospective study of 53 patients with chronic thromboembolic pulmonary hypertension, the diagnostic accuracy of contrast-enhanced MR angiography (CE-MRA) and unenhanced proton MR imaging was compared to CT pulmonary angiography. The sensitivity and specificity of CE-MRA in establishing proximal and distal CTE was 98% and 94%, respectively. The sensitivity for central vessel disease rose from 50% to 88% when analysis was performed with unenhanced proton MRA. Keeping in mind that this study was comparing MR technology to CT angiography, the detection of stenotic lesions, poststenotic dilatation, and occlusive lesions was better achieved with CE-MRA. [50] As with CT, there are other features of magnetic resonance imaging that have been demonstrated to be useful in the evaluation of CTEPH patients. Cine imaging allows an assessment of RV and LV function, providing data on endsystolic and end-diastolic volumes, ejection fraction, and muscle mass. [51, 52] Furthermore, phase contrast imaging may be used to measure cardiac output, along with pulmonary and systemic arterial flow. In CTEPH patients undergoing PEA, this technique has been used to measure changes in aortic and pulmonary arterial blood flow before and after surgery. [48, 53] SuMMARy: SElECtIoN of SuRgICAl CANdIdAtES
In the evaluation of patients with CTEPH, the goals are to establish whether or not pulmonary endarterectomy is feasible, and then to determine whether or not surgery is appropriate. And despite the advancements in imaging techniques, and the forward strides in surgical capabilities, there remains a subjective element, which to a large extent is influenced by experience, in determining surgical candidacy for any one CTEPH patient. The interpretion of conventional angiographic patterns, CT abnormalities, or MR findings that are felt to be consistent with operable CTE disease is not simply based on training and experience but needs to be viewed in the context of the capabilities of the surgical team. This is especially relevant given the greater ability and success in the resection of segmental level chronic thromboembolic disease. More difficult to predict are the factors that influence perioperative mortality and postoperative outcomes. The impact of an individual's age and comorbid medical conditions on surgical risk is always difficult to assess. And for any individual patient, the level of cardiopulmonary and functional limitation experienced by them is an important consideration in the decision to proceed with surgery, which needs to be balanced against the anticipation that a hemodynamic benefit will result from an endarterectomy. If a meaningful reduction in pulmonary pressures seems unlikely, proceeding with surgery is ill-advised. This prediction of hemodynamic benefit is often based on the degree of coexisting, small-vessel disease and whether the extent of surgically accessible chronic thromboembolic disease is disproportionate to the level of pulmonary hypertension and RV dysfunction experienced by the patient. To date, this assessment is to a large extent subjective and based on the experience of the evaluation team, making it increasingly important to develop evaluative techniques to make it less so. Ongoing research and careful clinical observations are required to make this decision as precise as possible.
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